The circle of Willis is thought to play a key role in development of collateral flow in patients with internal carotid artery stenosis (ICAS).
Introduction
Atherosclerotic lesions situated in extracranial arteries contribute to 10-20% of all ischemic strokes (IS) [1] . Only 20% of all IS are preceded by prodromal neurological symptoms, e.g. amaurosis fugax, transient paresthesia, limb weakness, tingling and aphasia known as transient ischemic attacks (TIA). Ischemic strokes can develop in two ways: either when diminished cerebral blood flow occurring in severe stenosis of the extracranial artery causes hypoperfusion of brain structures [2] [3] [4] ; or when a cerebral artery is occluded by emboli released from the usually ulcerated, thrombogenic plaque, irrespectively of the actual grade of stenosis [5, 6] . Both pathological mechanisms might also occur concurrently.
Aim
Our working hypothesis is that intracranial circulation is subject to variance in patients with severe internal carotid artery stenosis (ICAS). Thus, the ability to develop collateral cerebral circulation can prevent an ischemic cerebral event. The present study was there-fore designed to assess hemodynamic changes and autoregulation mechanisms occurring in intracranial circulation within the circle of Willis, caused by severe ICAS in patients without neurological symptoms and those with a history of recent IS.
Material and methods
The study comprised 371 consecutive patients (265; 71% men) with ICAS ≥ 70%, at mean age 66 ±9.0 (44-91) years, enrolled in the study prior to carotid artery revascularization between December 2011 and April 2015, in whom diagnostic transcranial color-coded duplex ultrasound (TCCD) was performed.
The inclusion criteria were as follows: severe ICAS over 70% and diagnostic temporal window for the TCCD examination.
For the present study, cerebral and extracranial angiography was used as the standard of reference. The grade of stenosis of ICA, as well as the status of extracranial and cerebral arteries, was angiographically established in all patients. In all cases the grade of carotid stenosis measured with ultrasound differed by no more than 10%, as compared to the angiographic measurement using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) method [7] . The pattern of cerebral flow was also angiographically confirmed.
Study participants were divided into 2 groups depending on their symptoms and previous history of IS. The time period from IS to TCCD evaluation was determined in all subjects.
Group I consisted of 102 (27%) subjects, including 70 (69%) males, at the mean age of 67.6 ±9.5 years, with ICAS ≥ 70% of carotid lumen reduction and with a medical history of a cerebrovascular ischemic event (stroke or TIA) within the last 3 months.
Group 2 consisted of 269 (73%) patients, including 195 (72%) males, at the mean age of 66.0 ±8.9 years, with asymptomatic ICAS > 70% (93 patients) or with a history of IS later than 3 months prior to TCCD assessment (176 patients).
Each patient signed an informed consent form before the revascularization procedure for ICAS. The study received the acceptance of the Jagiellonian University Bioethics Committee and was performed in accordance with the Declaration of Helsinki.
At baseline age, gender, cardiovascular risk factors (such as presence of hypertension (HT), diabetes (DM), hyperlipidemia or smoking habit), prevalence of coronary artery disease, and myocardial infarction were assessed. Blood samples were taken to assess creatinine level and lipid profile.
The history of IS of TIA was sourced from available medical documentation, and brain imaging was performed either with computed tomography (CT) or magnetic resonance imaging (MRI), together with thorough neurological examination.
The exclusion criteria were: patients with occluded ICA, non-diagnostic transtemporal TCCD approach and those who did not agree to sign an informed consent form.
Baseline characteristics of study participants, divided into study groups, are shown in Table I .
High-resolution B-Mode, color Doppler and pulse Doppler ultrasonography of extracranial arteries preceded transcranial examination and was performed with an ultrasound machine (Toshiba Aplio TUS-A300; Saronno, Italy) fitted with a linear-array 7.5 MHz transducer. Patients from both groups were examined in a supine position with the head tilted backwards. In compliance with the Carpenter criteria the grade of stenosis in carotid arteries was assessed through measuring the increases in the peak systolic (PSV) > 2.1 m/s and the end-diastolic (EDV) > 0.7 m/s velocity [8] .
Whenever Doppler ultrasound indicated severe ICAS, TCCD examination of intracranial arteries was performed with a Toshiba Aplio machine fitted with a sector-array 1.5-2.5 MHz transducer. The TCCD examination included measurements of PSV and EDV in the first segments of cerebral arteries within the circle of Willis: ipsilaterally to the stenosed ICA -in ipsilateral middle (MCA), anterior (ACA) and posterior (PCA) cerebral arteries.
Furthermore, the flow directions and functions of anterior (ACoA) and posterior (PCoA) communicating arteries were assessed. The ACoA was assessed as present when the same flow directions in the ipsilateral MCA and ACA were observed. The PCoA was assessed as present when the blood flow between the trifurcation and ipsilateral PCA (P1/P2 segment) was recorded on TCCD.
All scans were obtained by two experienced sonographers who had no prior knowledge of the subjects' clinical and angiographic characteristics. [7] .
Statistical analysis
Continuous variables are presented as mean ± SD, and categorical variables are expressed as frequencies and percentages. Means of analyzed parameters across groups were tested with the analysis of variance (ANOVA) test, and frequencies were compared by the c 2 test for independence. The non-parametric Mann-Whitney U test was used to determine differences in peak-systolic flow velocities recorded in the corresponding cerebral arteries among all studied groups.
The c 2 test was applied to assess the relationship between the grade of ICA stenosis, neurological status of patients and presence of ACoA and PCoA.
The potential factors that may be associated with higher risk of an ischemic event were identified first with the univariate analysis (ANOVA), then the multivariate one-step backward logistic regression was performed in order to determine predictors of IS. The independent variables that entered the model were those parameters which achieved a p-value less than 0.100 in the univariate analysis.
The sensitivity and specificity were calculated to determine the discriminating power of flow velocity in cerebral arteries by receiver-operator characteristic (ROC) curves. The area under the curve (AUC), odds ratio (OR) and confidence intervals (CI) were calculated for these cut-off points.
Statistical analyses were performed with Statistica 12.0 software. Statistical significance was assumed at p < 0.05.
Results
There were no statistically significant differences regarding the majority of atherosclerosis risk factors and concomitant diseases, except for past history of myocardial infarction. Clinical characteristics of study groups are presented in Table I .
Mean grade of ICAS was 85 ±9.6% (range: 70-100%) in group I and 83 ±9.4% (range: 70-100%) in group II, and did not differ significantly between the study groups (p = 0.089).
Group I patients had lower mean PSV in the MCA and ACA as compared to group II (65 ±15 Table II .
In group I, 55 out of 102 (54%) patients had cerebral collateral flow through the ACoA, which resulted in flow reversal in segment 1 of the ACA, e.g. the same flow direction as in the MCA on the side of the ICAS. Meanwhile, in group II, collateral circulation via the ACoA was observed in 211 out of 269 (78%) patients (p < 0.001). The frequency of functional collateral cerebral circulation is shown in Table III. Twenty (20%) patients from group I and 113 (42%) from group II had at least one PCoA present (p < 0.001), which allowed antegrade flow from the P1/P2 segment of the PCA to the trifurcation of the ICA and then on to the MCA and ACA.
Likewise, there was also a significant difference in presence of any collateral cerebral circulation, through either ACoA or PCoA. The collateral blood flow was present in 68 (67%) patients in group I, and in 231 (86%) patients in group II (p < 0.001). Analyzing group II patients, a functional ACoA was present in 77 out of 93 (83%) asymptomatic patients and in 134 out of 176 (76%) with previous IS older than 3 months (p = 0.207), while a PCoA was present in 32 (34%) and 80 (46%) (p = 0.074), and overall any crossflow was present in 82 (88%) and 148 (84%) of respective subjects (p = 0.366).
The differences between ACoA and PCoA presence were statistically significant between patients with recent IS as compared to remote IS (p < 0.001 for ACoA, p < 0.001 for PCoA, and for any cross-flow p < 0.001), which suggests development of collaterals with time passed since IS.
In order to evaluate the important risk factors for occurrence of IS in patients with severe ICAS, binominal backward stepwise logistic regression was used. Variables from the univariate analysis with p-value < 0.100 entered the model. Eventually, the predictors taken into analysis were: presence of ACoA, presence of PCoA, PSV in MCA, PSV in ACA, EDV in ACA and history of previous myocardial infarction. The Table IV .
Finally, a ROC analysis was performed to determine the best PSV cut-off values in the MCA or ACA for estimation of the risk of IS. The ROC curves showed that there were no good PSV cut-off values for either the MCA (AUC = 0.582) or the ACA (AUC = 0.642) (Figures 1 A, B) . The PSV in the MCA below 76 cm/s and PSV in the ACA < 70 cm/s were characterized by a sensitivity and specificity of 84% and 34% for MCA and 60% and 67% for ACA, respectively.
Discussion
The TCCD sonography and phase-contrast magnetic resonance angiography (MRA) are widely used to determine cross flows through the ACoA and PCoA because these techniques can detect anatomy and flow directions The major finding of the present study is that patients with severe ICAS and recent IS have low prevalence of functional collateral cerebral circulation. We evidenced presence of the ACoA in 54% and of the PCoA in 20% of patients with recent IS, as compared to 78% and 42% in asymptomatic ones, respectively. Similarly, in the small preliminary study by Ito et al., involving 12 subjects, presence of the ACoA and PCoA on dynamic MRA was observed in 42% and 17% of symptomatic patients with ICAS > 70%, respectively [11] . Also, autopsy studies revealed that patients who had died of IS resulting from severe ICAS more often had hypoplasia of the ACoA [12] [13] [14] .
However, Hendrikse et al. found no significant differences in ACoA and PCoA prevalence, with the ACoA accounting for 63% out of 35 subjects with IS within the last 6 months vs 69% out of 16 asymptomatic subjects (p = 0.683), and the PCoA in 31% vs. 31% (p = 0.989), respectively [15] . Our observations indicated that the cross-flow can develop with time passed since IS, accounting for ACoA and PCoA presence in 54% and 20% of patients respectively with recent IS, as compared to 76% and 46% of subjects with IS later than 3 months. However, it is worth mentioning that after 3 months following IS, the prevalence of cross-flows between asymptomatic and symptomatic subjects does not differ significantly.
To our knowledge, large scale studies have not been conducted, while the issue of collateral flow development in patients with severe ICAS seems to play a key role in developing symptoms of cerebral ischemia.
The second major finding of the present study is to prove that the lack of cross flow is an independent risk factor of IS. We have evidenced the protective role of collaterals, interestingly similar for both ACoA and PCoA. Presence of an ACoA is associated with a 72% risk reduction of IS. The fact of ACoA presence is even more important than PSV in the MCA and ACA. Although lower PSVs in the MCA and ACA are related to higher risk of IS, the ROC curves failed to indicate cut-off values for PSV in the MCA and ACA that could reliably determine the risk increase of IS. The PSV cut-offs in the MCA (< 76 cm/s) and ACA (< 70 cm/s) revealed only a moderate association with IS risk.
This should be discussed in the context of an experimental model of cerebral circulation in the study of Cassot et al., in which different efficiency of cross-flow was evidenced depending on the ACoA diameter. The ACoA behaved like an occluded vessel when its diameter was < 0.4 mm. In contrast, the ACoA was fully functional if its diameter exceeded 1.6 mm, providing long-term autoregulation of cerebral flow in the MCA on the side of the ICAS [16, 17] . Within the range of 0.4-1.6 mm even small changes in ACoA diameter significantly impacted the hemodynamics of cerebral circulation. In our study, presence of a PCoA was associated with lower risk of IS, which is in line with the observations of other authors [18, 19] .
Assuming that the ACoA plays an important role in preventing IS associated with the hypoperfusion mechanism, it is still open to discussion what minimal flow volume is required [15, 20] . This could probably be answered by MRA and MRI perfusion studies with the assessment of cerebral perfusion defect as well as cerebral flow volumes [21, 22] . In the study by Zareie et al., in a group of 90 consecutive subjects admitted with acute IS (less than 6 h from symptoms onset), the ACoA was present in 45% of subjects and it was independently related to a lesser degree of cerebral perfusion defect, e.g. smaller infarct volume at 2 time points -on admission and after 24 h of hospital stay [21] .
Furthermore, our study showed that the degree of ICA stenosis is a less important discriminator for hemodynamic impairment than the collateral status of the cerebral circulation.
The other major issue is whether collateral flow can develop with time passed after IS resulting from ICAS, or whether cerebral ischemia may be prompted by the incomplete circle of Willis, e.g. one or more collaterals are missing [23] [24] [25] . In the first case, patients with recent IS would be at high, but decreasing risk of recurrent IS until the collateral pathways are well developed. In the second case, absent cross flows expose the patient to the permanent risk of IS recurrence due to steady cerebral inflow limitation. Anyway, the first and the later condition should result in careful patient assessment for carotid revascularization in view of secondary IS prevention, optimally as quickly as possible [26] .
Clinical data indicate that the risk of IS is greater in the first month following the cerebral ischemic event. This may indicate that decreasing risk may be related to the gradual development of cerebral cross-flow. It seems reasonable that patients after IS, with low PSV in the MCA, should be considered as candidates for urgent carotid artery revascularization [27] .
It is still open to speculation whether stroke may have been caused by distal embolization of the cerebral artery or the quality of the flow within the ACoA was not sufficient to maintain MCA flow at an adequate level.
Conclusions
The ACoA and the PCoA are more frequently present in asymptomatic patients with severe ICAS, as compared to patients with recent IS with severe ICAS. The presence of cross-flows and PSVs in the MCA and ACA were found to be independent predictors of IS risk, more important than ICAS degree alone. Despite IS, in some proportion of patients, a cross-flow probably reduces the risk of a recurrent cerebral event.
